recessive inheritance. Conclusions: This finding suggests that variants in the non-mutated ALK gene or another gene linked to it may affect penetrance of the ALK mutations and risk of developing NB in familial cases.
Introduction
Neuroblastoma (NB) is a childhood cancer affecting approximately 1 in 10,000 children, with one of the highest mortality rates of all pediatric malignancies [1] . Most NBs arise sporadically, but approximately 1% of all cases have a positive family history [1] . Following a whole-genome linkage analysis and sequencing of candidate genes in the critical region thus identified, we showed that dominant mutations in ALK on chromosome 2p23 are responsible for NB in approximately 50% of familial cases [2] . However, genotyping of relatives of affected individuals also demonstrated that only about 50% of all heterozygous carriers of ALK mutations are affected by NB in the families used for the linkage study. Variation at the major gene as well as elsewhere in the genome, or modi-fier genes, may explain reduced penetrance in Mendelian disorders [3] . In order to identify potential genetic modifiers of the disease penetrance, we re-evaluated the genome-wide data limiting the analysis to the families with ALK mutations using a model-based linkage approach. Our data suggest that variants in the non-mutated ALK gene or another gene linked to it on chromosome 2p23-p24 may influence the probability that a child develops NB in the presence of ALK mutations.
Subjects and Methods

NB Families
All NB families included in the present study were part of the linkage study described in Mossé et al. [2] . Only families with confirmed ALK mutations were included in the present study. These comprise all the families in figure 1 in Mossé et al. [2] with the exception of family 6 and family 12 that are not informative for linkage analysis, leaving a total of 6 pedigrees including 69 individuals with available genome-wide genotype data. A total of 21 individuals in these families were affected by NB, and of these, 20 were confirmed to be carriers of a single ALK mutation using methods already described [2] . One affected child who was not tested for the presence of ALK mutations was the affected male in family 56. He was the brother and the son of two ALKpositive individuals, and was therefore assumed to be a carrier of the same mutation present in his relatives. In addition, 22 unaffected individuals were identified as non-penetrant carriers of the same ALK mutations present in their affected relatives. The remaining 26 individuals were unaffected and did not carry an ALK mutation.
Linkage Analysis
Genome-wide genotype data used for this study was obtained using the Illumina Linkage IVb SNP panel, and was the same we utilized in the original linkage study which identified ALK as the major NB gene in these families [2] . For the purpose of this study, linkage analysis was performed with Merlin 1.1.2 [4] using maximum likelihood estimates of SNP allele frequencies based on the NB family data. In order to be able to include information in the analysis about all carriers of ALK mutations, whether affected or unaffected, we used a model-based approach, as model-free analysis is typically 'affected-only'. Two liability classes were defined conditional on the presence of ALK mutations. In the first class we included all unaffected individuals without ALK mutations and assumed 0 penetrance for the disease. In the other liability class we included all individuals, affected and unaffected, who were carriers of an ALK mutation and assumed an incomplete penetrance of the disease equal to 0.5. Under this model, regions of the genome that are shared by ALK -positive affected individuals in the same family but not by their ALK -positive unaffected relatives should provide the strongest evidence for linkage; unaffected individuals who do not carry ALK mutations do not contribute any information. Analyses were performed using two different disease gene frequencies q, one rare (q = 0.001) and one common (q = 0.1), under both a dominant and a recessive mode of inheritance, for a total of 4 models. Linkage in the presence of heterogeneity was assessed using heterogeneity HLOD scores and their accompanying estimates of the proportion of linked families ␣ .
Data for chromosome 2 were also analyzed assuming 3 liability classes, one for unaffected individuals without ALK mutations (probability of being affected equal 0 for all genotypes); one for all affected carriers of ALK mutations (probability of being affected equal 0 for the normal, and 0.5 for the disease-risk genotypes), and one for all unaffected carriers of ALK mutations (probability of being affected equal 0 for the normal, and 0.1 for the disease-risk genotypes). Finally, for chromosome 2 only, we used LAMP [5] to calculate a LOD score maximized over all possible model parameters (MOD score). Based on the family genotype data and a prevalence of NB equal to 1/10,000, LAMP estimates disease allele frequency and penetrance for the 3 disease genotypes (homozygous normal, +/+; heterozygous, +/-; and homozygous affected, -/-). All affected and unaffected individuals, both ALK positive and negative, with genotype data were included in this analysis with their observed phenotype.
Genetic map positions in centiMorgan for all SNPs were approximated dividing the physical map positions in base pairs, according to the NCBI Build 36, by 10 6 . All reported genomic positions are according to the NCBI Build 36.
Results
Genome-wide LOD scores for all chromosomes under the 4 models (rare dominant; common dominant; rare recessive; common recessive), including heterogeneity LOD scores, are reported in online supplementary figures 1-4 (www.karger.com/doi/10.1159/000324843). The only region of the genome with LOD scores greater than 3 was on chromosome 2p ( fig. 1 , table 1 ). The highest LOD score for the dominant model was 3.50 for q = 0.001 at SNP rs1997325 located at 22,677 kb, and for the recessive model it was 3.58 for q = 0.1 at SNP rs520354 located at 21,113 kb. In both cases, the LOD and the HLOD scores were identical, and the estimate of the proportion of linked families ␣ was equal to 1. Reduction of penetrance for unaffected carriers of ALK mutations from 0.5 to 0.1 did not modify the overall chromosome 2 results significantly, with a maximum LOD and HLOD of 4.62 for q = 0.001 at SNP rs1997325 under the dominant model, and a maximum LOD and HLOD of 3.14 for q = 0.1 at SNP rs520354 under the recessive model.
Only two other genomic regions showed LOD and/ or HLOD scores greater than 2 ( table 2 , online suppl. fig. 1-4) . SNP rs1396208 on chromosome 12 had LOD and HLOD of 2.11 and 2.14, respectively, under the common recessive model. A previous linkage analysis of one of these families, FNB52, using microsatellites and a model-based affected-only approach, supported linkage to a region on chromosome 12p containing SNP rs1396208 with a maximum LOD score of 3.01 [6] , in addition to the 2p region where ALK is located. SNP rs756658 on chromosome 22 had HLOD scores of 2.50, 2.74, and 2.32 under the rare dominant, rare recessive, and common recessive models, respectively.
To estimate the penetrance of the 3 disease genotypes in the chromosome 2p region, we ran a MOD score analysis using the LAMP software [5] and data on all available individuals, affected and unaffected, including those who did not carry an ALK mutation. The maximum LOD score estimated by LAMP was 4.85 near rs2001795 at 23 Mb. Estimates of penetrance in the chromosome 2p re- 
Discussion
All together, our results suggest that genetic variants located in the 2p23-p24 region on the chromosome containing the non-mutated ALK allele affect the probability of an individual developing NB in the presence of an ALK mutation on the homologous chromosome. Given that ALK itself is located on 2p23, sharing among affected individuals of that region on the chromosome carrying the ALK mutation can explain the positive linkage signal observed under the dominant model; however, the positive LOD scores obtained under the recessive model requires the additional co-segregation with penetrance of the disease of the chromosome 2p region transmitted by the non-carrier parent. Accordingly, the probability of being affected is estimated at only 0.23 for heterozygous carriers of a putative disease variant in the same chromosome 2p region, but at 1 for homozygous carriers. ALK is located between 29,296 and 29,998 kb on chromosome 2p, and therefore approximately 7 Mb and 8 Mb away from the location of the maximum LOD scores under the dominant and recessive models, respectively. Only one intragenic ALK SNP, rs1358514, is included in our data; its LOD (and HLOD) scores, under the two models achieving maximum LOD scores 1 3, were 2.83 for the dominant, and 2.48 for the recessive model, respectively. Given the limited resolution of linkage analysis, it is possible that the positive linkage signal under the recessive model is due to segregation of ALK variants on the chromosome transmitted by the non-carrier parent that modify penetrance of the ALK mutations on the homologous chromosome. In other words, presence of otherwise silent ALK variants in trans to a pathogenic mutation would result in NB. I n all inheritance models, penetrance was fixed at 50%. Alpha = Estimate of proportion of linked families. According to dbSNP build 132, there are 8,850 SNPs in the ALK gene region, 94 of which are reported as coding SNPs. It is possible to hypothesize that some of these variants may affect gene expression and thus influence penetrance of the mutations located on the homologous allele. A similar mechanism was suggested for autosomal dominant retinitis pigmentosa (RP) linked to the RP11 locus on chromosome 19q, on the basis of linkage data that showed that RP penetrance co-segregated with the transmission of wild-type alleles from the non-carrier parents [7] . In erythropoietic protoporphyria, another autosomal dominant disease with reduced penetrance due to mutations of the FECH gene, the presence of a FECH common single-nucleotide variant in trans to the mutated allele is necessary for expression of the disease [8] . In hereditary elliptocytosis caused by dominant mutations in the gene coding for the alpha subunit of spectrin, penetrance of mutations is affected by a high-frequency, otherwise-silent polymorphism at the same locus that determines the relative level of expression of alphaspectrin alleles [9] . The limited data currently available to us on variation within the ALK gene itself in these families (only one intragenic SNP is included in the linkage panel) prevents us at this time to directly test this hypothesis. Higher density SNP genotyping or sequencing data at the ALK locus on all carriers, affected and unaffected, would be necessary for this purpose.
We cannot exclude that other loci in the proximity of the ALK locus, rather than ALK itself, have an effect on penetrance of its mutations. The 1-LOD support interval for the common recessive model spans approximately 14 Mb from 18,050 to 32,350 kb and includes more than 120 RefSeq genes. Given the rarity of familial NB, it is unlikely that many additional families will become available to allow a finer mapping of this region by linkage analysis. Other approaches such as association analysis following high-density SNP genotyping or targeted sequencing are more likely to be successful in providing a definitive answer as to the presence of modifier variants of the NB penetrance in this genomic region.
